Label-free detection of cancer biomarkers using low cost biosensors has promising applications in clinical diagnostics. In this work, ZnO-based thin film bulk acoustic wave resonators (FBARs) with resonant frequency of ~1. 
Introduction
Biosensors have been widely employed as tools for biotechnological and biomedical applications such as investigating biomolecular interactions and cancer diagnostics. [1] Most of the existing biosensors are optical instruments which are complex and/or expensive, some of them also needing molecular labelling. For this reason, sensitive, label-free and disposable biosensors are particularly promising and have attracted much attention in the last decade. [2, 3] Acoustic resonators such as quartz crystal microbalance (QCM), surface acoustic wave devices (SAWs) or film bulk acoustic wave resonators (FBARs) are interesting alternatives in biosensing applications due to their high sensitivity, non-invasiveness and relatively low cost. The basic principles of operation of acoustic resonators are simple: acoustic waves with a well-defined resonant frequency (fr) are generated through the application of a microwave signal to a set of electrodes deposited on a piezoelectric material. The addition of a mass on a sensitive area lowers the resonant frequency. By tracking changes in fr, a variation of the mass bound on the sensing area (for example due to adsorption of a biological sample) can be detected as the mass bound on the resonator is related to the change in fr. If the mass bound on the resonator is small (lower than ~2% of the total mass of the resonator), there exists a direct relationship between the fundamental resonant frequency and the responsively to mass loading: higher frequency devices will generate greater absolute frequency shifts for a given mass load. 4 Therefore film bulk acoustic resonators are currently favoured over any other technology due to their much higher resonant frequency (hence greater sensitivity). [4, 5] FBAR has similar structure to QCM, but instead of quartz, a deposited piezoelectric (ZnO or AlN) thin film with a thickness typically around 1-2 μm is sandwiched by top and bottom electrodes. Due to the thinner piezoelectric layer, FBAR provides much higher resonant frequency. In comparison to QCM, SPR (Surface Plasmon Resonance) and other label-free biosensors such as spectroscopy and interferometry, FBAR requires less sample volume and can be integrated into CMOS-based high throughput arrays. [3, 6] Since the first report of the use of FBARs as gravimetric biosensors for label-free detection of DNA and proteins by Gabl et al. [7] , FBARs have been used as mass sensors for many biological applications. For example, Lee et al. [4] reported the use of AlN FBAR sensors for the detection of tumour marker carcinoembryonic antigens. Zhang et al. [8] demonstrated that FBARs can detect single base pair mismatch of the DNA hybridization. Auer et al. [9] [14] and monoclonal anti-AFP antibody coated FABR for the detection of the cancer marker alpha-fetoprotein (AFP) [15] . All these applications are based on the shift of resonant frequency in response to the deposition or binding of biomolecules onto the biosensor electrode surfaces [16] .
Prostate cancer is a major cancerous disease in the male population and accounts for about 10% of the deaths from cancers; [17] [18] [19] hence its early detection can save millions of lives. Monitoring the human Prostate-Specific Antigen (hPSA) level in serum is by far the most commonly used approach [19] . In the work reported here, FBARs have been fabricated as biosensors for the detection of antibody adsorption on a gold electrode surface and subsequent antigen binding using hPSA and anti-hPSA as model system. Previous research has reported the correlation of FBAR frequency shift to QCM and SPR results. [2, 6, 11] However, there is no sufficient study to correlate FBAR frequency shift to the real mass change of the biomolecules on the electrode surface. [5] Therefore, ellipsometry was employed in this work for the calibration of FBAR frequency changes into actual masses on the surface. The antibody adsorption behaviour on gold surface was firstly explored by ellipsometry to find the optimal conditions followed by parallel FBAR measurements.
The high consistency of the data from two different techniques (optical and acoustical) indicates that FBARs are excellent candidate biosensors for biomedical applications such as cancer diagnostics.
Experimental Section
Materials. Phosphate buffers were made from Na2HPO4 and NaH2PO4 (Sigma, UK) with total ionic strength fixed at 20 mM. Mouse monoclonal anti-human Prostate-Specific Antigen (AntihPSA) and native human Prostate-Specific Antigen (hPSA) were purchased from AbD Serotec, Oxford, UK. Concentrations of the antibody and antigen were determined by UV at A280 using the coefficients of 1.4 for the antibody and 1.84 for the antigen. Bovine serum albumin (BSA) was purchased from Sigma, UK. All samples were used as supplied. Au coated (100)-oriented Silicon substrates were made as described below for FBAR fabrication.
Spectroscopic ellipsometry (SE).
The principle of ellipsometry has been described and can be found in the previous work. [20, 21] Gold coated silicon wafers (12 mm × 12 mm) were used in the ellipsometric cell (which accommodated 1 ml sample solution) fitted with a pair of fused quartz windows [22] specially designed for solid/liquid interfacial measurements. The incoming and exiting beams were at 70 o to the surface normal and the windows were aligned to be perpendicular to the two beams. The substrates were cleaned and the thickness of the gold layer was determined before each measurement. Experiments of interfacial adsorption of the antibody, BSA blocking and antigen binding were carried out by using Jobin-Yvon UVISEL spectroscopic ellipsometer with a wavelength range between 300 and 600 nm. Resulting data were analysed using the software DeltaPsi II developed by Jobin-Yvon Ltd. The surface adsorbed amount Γ (mg/m 2 ) of the sample was calculated from f n and f τ (in Å) through Eq. 1 [23, 24] ) / (
where f n and 0 n are the refractive indexes of the film and buffer, f τ is the thickness of the film and dn/dc represents the change of refractive index against solution concentration and a value of 0.18 ml/g was used in this work [20] . FBAR fabrication. FBAR device fabrication is described elsewhere [25, 26] . Briefly, devices were fabricated on 4-in double-side-polished silicon substrates coated with a thin layer of thermally grown SiO2 (PI-KEM Ltd., Staffordshire, UK). The bottom electrodes (4/50 nm Cr/Au) were patterned through a standard photolithography process and thermally evaporated on top of the SiO2 surface. A ~2 μm ZnO thin film was then deposited using high target utilisation sputtering (HiTUS).
This technique yields high quality films with very low stress and defect density, and homogeneity better than 99% over the 4-in diameter area [27, 28] . The ZnO film was selectively wet etched in a 2% glacial acetic acid and phosphoric acid solution to form a via for electrical connection to the bottom electrode. The top electrode, which was patterned with a second lift-off photolithography process, was evaporated with the same materials and thicknesses as the bottom electrode. Finally, the SiO2 on the back of the wafer was patterned and removed with CF4 plasma to expose the Si, which was subsequently removed with a deep reactive ion etching (DRIE) process to release a freestanding membrane. The top SiO2 suspension layer serves as a barrier, preventing the ZnO film from being etched away with the DRIE process. This process provided a high fabrication yield (>95%). The devices were then wire bonded onto 50 Ω transmission line PCBs using Al wires. A schematic cross-sectional view of the FBAR device is shown in Figure 1A . table and connected to an Agilent E5062A network analyzer (through S21 channels) which was linked to a controller PC using the GPIB channel. The environmental temperature, which is known to affect the device response [28] [29] [30] [31] , was continuously controlled with a Haake bath (K20). The isolation box was then purged by dry nitrogen to remove humidity before each measurement step. Software written with
LabVIEW® was used to continuously monitor and record the resonance spectrum of the FBAR. were carried out for each step and the results were averaged. The standard deviation of three measurements is typically less than 5 kHz.
Results and Discussion

Antibody dynamic adsorption on gold surface and antigen binding
Figure 2
Protein adsorption is a dynamic process and the amount of protein adsorbed on surface is concentration and time dependent. [32, 33] While the packing density of the protein and its orientation on the substrate surface are crucial to biomarker detection [16, 32, 34] , finding the right protein immobilization conditions is important for improving the biosensor performances.
Spectroscopic ellipsometry (SE) is a convenient method for monitoring the dynamic interfacial adsorption of biomolecules. [20, 32, [34] [35] [36] [37] Therefore, it has been used in this study for the detection of antibody adsorption and subsequent antigen binding to screen the optimal conditions for the subsequent biosensor measurements. Figure 2 shows the dynamic adsorption of Anti-hPSA antibody at the Au/buffer interface and the subsequent BSA blocking and hPSA antigen binding. At all concentrations studied, the surfaceadsorbed amount of the antibody steadily increases with time and then tends to a plateau. The higher concentration tends to the plateau faster and achieves higher surface adsorbed amount.
However, even after being equilibrated for 1 h, the adsorbed amount has not reached the equilibrated plateau yet, indicating the slower adsorption process of the antibody on gold surface when compared with that on silicon dioxide surface. [32] In our previous study, it was found that 
Figure 3
To demonstrate the relationship between the antibody surface-adsorbed amount and solution concentrations, Figure 3 shows the surface-adsorbed amount of antibody (all at 1 h) at different concentrations. It depicts a dramatic increase of the antibody surface adsorption with its bulk concentration below 20 mg/L, above which the extent of increase of the adsorbed amount slowed down and tended to an adsorption plateau. This observation is consistent with the recent work by
Chen et al. [39] . They found that the SPR angle increased dramatically from the anti-hCG (human chorionic gonadotrophin) antibody adsorption within the concentration range between 2 to 20 mg/L.
Above this concentration the rate of the SPR angle rise was much slower, indicating the attainment of antibody adsorption plateau. This feature of adsorption plateau has also been observed from antibody adsorption at the SiO2/buffer interface [32, 40, 41] , although the slopes of the adsorption curves below 10 mg/L can differ due to the different surface effects. crucial to the antigen binding, we have undertaken a detailed study to find the optimal condition for antigen binding. below which the binding sites have very good accessibility. Therefore, the binding ratio was high.
Optimization of antigen binding to the immobilized antibodies on gold surfaces
As it can be seen in Figure 4 , when the amount of antibody is less than 0.7 mg/m 2 the binding ratio is over 0.9. With increasing the amount of antibody at the interface, the amount of antigen bond to the immobilized antibody increased due to the increasing binding sites. However, the binding ratio starts to decline due to the gradual increase of the steric hindrance. There is a balance between the increase of binding sites and the reduction of accessibility. Therefore, a maximum occurred at 1 mg/m 2 which was equivalent to 50% of the monolayer coverage of the surface. Above this value, both the binding amount and the binding ratio reduced, indicating that the steric hindrance was becoming dominant. Above 2 mg/m 2 , the surface is fully covered by the antibody and multilayer adsorption starts to occur. Many of the binding sites buried inside the layer are unavailable for antigen binding. Therefore, the binding efficiency becomes very low and the amount of the bound antigen tends to be irrelevant to the amount of antibody adsorbed, a general feature observed from several other antibody-antigen binding systems [32, 41, 42] . Similar findings were observed by
Yuan et al. [45] using SPR when they tried to improve the immobilization capacity of anti-rabbit IgG and antigen binding using chitosan/alginate layer-by-layer self-assembled multilayer films. Le et al. [46] also confirmed, by using total internal reflection ellipsometry, that an increase in surfaceadsorbed anti-R-hCG resulted in the reduction of hCG binding efficiency.
It is useful to note that the data obtained from the 5 nm gold layer highly agree with the data obtained from 50 nm gold layer. The latter has been used as the top electrodes of FBAR sensors.
Therefore, the data from ellipsometry can be used for the calibration of the FBAR frequency shifts.
FBAR as gravimetric biosensors
FBAR characterization and response to antibody absorption
Figure 5
Electrical characterization of the FBAR devices was carried out using an Agilent E5062A network analyser. A typical response at around 1.56 GHz with an insertion loss of around -30 dB is shown in Figure 5A as an example. The sharp resonance of the ZnO indicates a very high quality factor (Q) which was determined by measuring the transmission signal (S21) and 3 dB bandwidth [47] [48] [49] [50] using Eq. (2)
where f0 is the resonant frequency and f-3dB is the bandwidth at 3dB, both extracted from the transmission signal spectrum. The typical 3dB Q of the FBAR fabricated was found to be around 860. Continuous monitoring of the resonant frequency of a time scale of 800s demonstrates that the FBARs have very low frequency indeterminacy, typically around 3 kHz as shown in Figure 5B .
After characterization of the FBARs, protein solutions were applied onto the active area of the devices and incubated for different durations followed by buffer rinsing and nitrogen drying. At least three measurements were carried out for each experimental step and the data were averaged with a standard deviation of less than 5 kHz. As an example, Figure 5C 
Calibration of the FBAR frequency shift to the adsorbed antibody amount by ellipsometry
Figure 6
FBARs have been widely used as gravimetric biosensors [2, 12, 13, 51] . We have also demonstrated FBAR frequency responses to the mass loading of BSA at different concentrations [25, 52, 53] and to the capture of DEET (N,N-Diethyl-meta-toluamide) molecules by the pre-immobilized odorant binding protein originated from Aedes aegypti mosquitoes [16] . To correlate the FBAR frequency shift to the amount of antibody adsorbed on the electrode surface in this work, ellipsometric measurements were carried out in parallel to the FBAR measurements and the data are shown in [12, 13] , (2.3 ng/cm 2 ) Weber et al. [11] and (1 ng/cm 2 ) Nirschl et al. [2] . This mass sensitivity is also consistent with the value in Wingqvist's review [1] (0.3 -7.5 ng/cm 2 ). This result demonstrates that the FBARs have the capability to be employed as high precision biosensors.
Label-free detection of antigen binding using FBAR sensors
Figure 7
The FBARs were subsequently used for the detection of hPSA using surface immobilized monoclonal antibodies on the top electrode surface. Figure 7 shows the resonant frequency shifts after antibody adsorption, BSA blocking and antigen binding. As has been shown in Figure 4 
Conclusion
Label-free detection of cancer biomarkers using low cost and disposable biosensors is promising in cancer diagnostics and many other clinical applications. In this paper, the adsorption and antigen binding behaviour of monoclonal antibody on gold surface has been optimized using ellipsometry.
ZnO thin film bulk acoustic resonators (FBARs) with a mass sensitivity of 0.015 mg/m 2 (1.5 ng/cm 2 ) have been demonstrated for their potential use as an immunosensor. Our FBARs were designed to exhibit high resonant frequencies (~1.5 GHz) and high Q factors (typically around 800).
The frequency indeterminacy was found to be less than 3 kHz and the standard deviation of three 
